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In vitro bioaccessibility (IVBA) studies were carried out on
samples of mercury (Hg) mine-waste calcine (roasted Hg ore)
by leaching with simulated human body ﬂuids. The objective
wastoestimatepotentialhumanexposuretoHgduetoinhalation
of airborne calcine particulates and hand-to-mouth ingestion
of Hg-bearing calcines. Mine waste calcines collected from Hg
mines at Almade ´n, Spain, and Terlingua, Texas, contain Hg
sulﬁde,elementalHg,andsolubleHgcompounds,whichconstitute
primary ore or compounds formed during Hg retorting.
Elevated leachate Hg concentrations were found during
calcine leaching using a simulated gastric ﬂuid (as much as
6200 µg of Hg leached/g sample). Elevated Hg concentrations
were also found in calcine leachates using a simulated lung
ﬂuid (as much as 9200 µg of Hg leached/g), serum-based ﬂuid
(as much as 1600 µg of Hg leached/g), and water of pH 5
(as much as 880 µg of Hg leached/g). The leaching capacity
ofHgiscontrolledbycalcinemineralogy;thus,calcinescontaining
soluble Hg compounds contain higher leachate Hg concentra-
tions. Results indicate that ingestion or inhalation of Hg mine-
waste calcine may lead to increased Hg concentrations in
the human body, especially through the ingestion pathway.
Introduction
Mercuryisaheavymetalofenvironmentalconcernbecause
elevated concentrations can be toxic to all living organisms.
Mercury has no known biological function, and human
exposure to Hg is considered undesirable and potentially
hazardous (1, 2). Generally, humans and organisms do not
easily eliminate Hg, and as a result, Hg tends to concentrate
in their tissues (bioaccumulation). When ecosystems are
exposed to high Hg concentrations, the highest Hg concen-
trations are generally found in the highest trophic levels of
the food chain, a process called biomagniﬁcation. High
concentrations of Hg in humans adversely affect the central
nervous system, especially the sensory, visual, and auditory
parts that affect coordination (3). In extreme cases, Hg
poisoning can lead to death (1, 2, 4). For all organisms, the
earlystagesofdevelopment(especiallyembryos)arethemost
sensitive to Hg (4, 5).
Consumption of ﬁsh and ﬁsh products is the primary
pathway of Hg uptake in humans (3). However, human
exposure to Hg through inhalation and ingestion of par-
ticulatesoriginatingfromHgmineshasnotbeenwellstudied,
although Hg contamination originating from gold mine
tailings has been evaluated (6-8). Mine wastes in areas of
past Hg mining are especially problematic because these
wastescontainhighlyelevatedconcentrationsofHg(9-11).
The dominant form of Hg ore worldwide is cinnabar (HgS,
hexagonal); however, during retorting, cinnabar ore is
converted to elemental Hg (Hg0), which is the ﬁnal product
of Hg mining (10). Mine waste calcines found at Hg mines
areknowntocontainunconvertedcinnabar,butinaddition,
calcines contain minor metacinnabar (HgS, isometric, meta-
stablerelativetocinnabar),elementalHg°,andhighlyreactive
Hg compounds such as Hg chlorides (mercurous and
mercuric), oxides, oxychlorides, and sulfates, which are
formed during ore retorting (11-14).
Various studies of mine runoff water and laboratory
experiments indicate that Hg mine wastes have the capacity
to release (leach) signiﬁcant concentrations of Hg into
watersheds downstream from Hg mines (9, 11, 15-18).
Leaching experiments of Hg mine wastes using water to
simulatestormrunoffconditionshaveshownahighpotential
to release Hg into aquatic systems surrounding Hg mines
(15). Previous research has reported bioaccessibility of Hg
using in vitro studies of soil (6, 19, 20), but little is known
about the release of Hg into human body ﬂuids during
ingestion or inhalation of Hg-bearing mine-waste calcines
thatarehighlyenrichedinHg.Throughouttheworld,mine-
waste calcine has been used in road construction for many
years,andinaddition,recreationalareas,homes,farms,and
gardensarebuiltontopofcalcinesorabandonedHgmines,
andtownsareon,orareinnearproximityto,abandonedHg
mines (9, 10, 14, 15)sall of these practices and situations
potentiallyleadtohumaningestionandinhalationofcalcine
particulates.
TheobjectiveofthisstudywastoevaluateleachingofHg
and Hg bioaccessibility when samples of Hg mine-waste
calcinewereleachedwith(1)asimulatedhumangastricﬂuid,
(2) a simulated human lung ﬂuid, (3) a protein-enriched
serum-based ﬂuid (RPMI-1640 with fetal bovine serum,
developed by Roswell Park Memorial Institute, used for the
culture of human normal and neoplastic leukocytes), and
(4) deionized water acidiﬁed to pH 5.0. Resultant leachates
were analyzed for concentrations of Hg. In addition, in vitro
cell line experiments were carried out to evaluate effects on
cultures of living cells (cell lines) when they are exposed to
contaminants, such as high concentrations of Hg. Calcines
usedinthisstudywerecollectedfromtwosites(a)Almade ´n,
Spain,(38°47′,4°51′),and(b)Terlingua,Texas(29°19′,103°
37′).
Study Areas
Samplesofmine-wastecalcinewerecollectedfromAlmade ´n,
Spain, the world’s largest Hg mining district, which has
produced over 286 000 000 kg of Hg during more than 2000
years of mining (21). Production from Almade ´n represents
more than 30% of the total known Hg produced worldwide
(22, 23). Mining activity at the Almade ´n mine ceased in May
* Corresponding author phone: (303) 236-2446; fax: (303) 236-
3200; e-mail: jgray@usgs.gov.
† U.S. Geological Survey.
‡ Universidad de Castilla-La Mancha.
§ University of Arizona.
Environ. Sci. Technol. 2010, 44, 4782–4788
4782 9 ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 44, NO. 12, 2010 10.1021/es1001133  2010 American Chemical Society
Published on Web 05/21/20102002, but signiﬁcant piles of mine-waste calcine remain
throughout the Almade ´n district.
Mine waste calcine was also collected from Hg mines of
theTerlinguadistrict,Texas.Mercurywasminedinthisarea
from 1888-1973 (24, 25), but these mines are now inactive.
Total production from this region was >5 000 000 kg of Hg
(24). Consequently, the Terlingua district ranks as the third
largest Hg producing region in the United States, and only
Hg mines in the California Coast Ranges (120 000 000 kg of
Hg) and McDermitt, Nevada (10 000 000 kg of Hg) are larger
(10,26).TheTerlinguadistrictincludesover30separatemines
(27), but our work focused on the Mariscal, Study Butte,
Mariposa, and Terlingua (also known as the Chisos mine)
mines.
Similar to most Hg mines worldwide, Hg ore in the
Almade ´n and Terlingua districts was dominantly cinnabar,
but minor Hg minerals including metacinnabar, elemental
Hg0, and Hg chlorides and oxychlorides were identiﬁed at
some mines (24, 27). Elemental Hg0 is locally abundant in
oreatsomelocalities,especiallyintheAlmade ´ndistrict(28).
As a result of the Hg ore retorting process, most Hg-bearing
orewasconvertedtoHg0.Inaddition,highlyreactive,water-
soluble ionic Hg compounds such as calomel (Hg2Cl2) and
Hgoxychlorides(i.e.,Hg2ClOorHg4Cl2O),formedduringHg
retorting,havebeenobservedincalcineatvariousHgmines
worldwide (12, 18).
Experimental Section
SampleCollectionandPreparation.Samplesofmine-waste
calcine were collected from various mined sites in the
Almade ´n and Terlingua Hg mining districts. The calcine
samplesusedinthisstudywerecollectedandarchivedfrom
previous studies (10, 28). All calcine samples were stored in
glass vessels with Teﬂon-lined lids and frozen until analysis.
Prior to geochemical analysis, the calcine samples were air-
dried at room temperature and sieved to minus-100-mesh
(0.150 µm).
SimulatedGastricSolution.Asimulatedgastricsolution
wasmadecontaining0.4Mglycine(freebase,reagentgrade
glycine in deionized water), adjusted to pH 1.5 ( 0.05 using
HCl (trace metal grade concentrated HCl) following the
procedure developed for IVBA studies of Pb in soil (29). A
solid-to-ﬂuid ratio of 1:100 (w/v) was used for leaching by
weighing 0.2 ( 0.0005 g of mine-waste calcine into a 20-mL
acid-washed glass scintillation vial and adding 20 mL of the
gastric solution. The samples were then placed into a Vitron
dynamic organ culture incubator for1ha t3 7°C, which
rotatedthesamplesslowlyat2.5rpm.Followingincubation,
the samples were allowed to settle brieﬂy, and then the
leachate was ﬁltered with a 0.45 µm nitrocellulose syringe
ﬁlter to obtain samples for Hg analysis.
Simulated Lung, Serum-Based, and Deionized Water
Solutions. The simulated lung ﬂuid used in leaching of
samples of mine-waste calcine was a modiﬁed Gamble’s
solutionadaptedfrompreviousstudies(30-33).Thissolution
was designed to model interactions of particles with extra-
cellularlungﬂuids.ThesimulatedlungﬂuidcontainedNaCl
(6800mg/L),NH4Cl(5300mg/L),NaHCO3(2300mg/L),H3PO4
(1200 mg/L), NaH2PO4·H20 (1700 mg/L), Na2CO3 (630 mg/
L), Na-acetate (580 mg/L), K-acid-phthalate (200 mg/L),
glycine(450mg/L),H2SO4(510mg/L),Na3-citrate·2H2O(590
mg/L),CaCl2·2H2O(290mg/L),andcitricacid·H2O(420mg/
L), which was adjusted to pH 7.4 using HCl.
Amodiﬁedserum-based(RPMI-1640)ﬂuidwasalsoused
in this study to provide an indication of the interaction of
the mine-waste calcines with the protein-enriched solution
(usedasadosingmediumforthecelllineanalysisdiscussed
in the next section). The modiﬁed RPMI-1640 solution
containedglucose(4500mg/L),HEPES(2400mg/L),NaHCO3
(1500 g/L), Na-pyruvate (110 mg/L), L-glutamine (290 mg/
L), penicillin/streptomycin (5 mL), and fetal bovine serum
(50 mL).
Deionized water leaching studies were conducted on
samples of mine-waste calcine using a procedure modiﬁed
from EPA Method 1312 (34). Deionized water was adjusted
to pH 5.0 using ultrapure H2SO4/HNO3, which is the pH
recommended to simulate rainwater in the western United
States (34).
All solutions were made fresh daily before leaching and
analysis. A solid-to-ﬂuid ratio of 1:20 (w/v) was used for the
simulatedlungandserum-basedﬂuidsanddeionizedwater
leachstudiesbyweighing1.00(0.05gofmine-wastecalcine
into a 30 mL scintillation vial (prewashed in 10% HCl)
equipped with a polyethylene mesh insert, and 20 mL of
solution was added. The vials were then placed into a Vitron
Dynamic Organ Culture Incubator for 24 h at 37 °C, which
rotated the samples at 2.5 rpm. Following incubation, the
vialswerecentrifugedfor5minat15 000rpmandtheleachate
was ﬁltered with a 0.45 µm nitrocellulose syringe ﬁlter. The
ﬁnalleachatepHwasmeasuredusinganOrionpHmeteron
a small aliquot of all samples. In addition to the 1-h gastric
ﬂuid and 24-h water leach experiments, timed experiments
werecarriedoutat1/2,1,4,and24husingwaterandgastric
ﬂuids.
Cell Line Analysis. In vitro cell analysis was used to
evaluate the potential toxicity effects of the Hg-rich calcines
onculturesoflivingcells,withcountsofviablecellsfollowing
exposurecomparedtocontrolusedastheindicatoroftoxicity.
A transformed rat RLE-6TN cell line (35) (American Tissue
Cell Company, Manassas, VA) was used for the analysis. Rat
cell lines are widely used in cell viability studies due to their
relatively low cost, their similarity to human lung cells, and
their successful use in various applications (36). Cells were
cultured in 12-well plates (Fisher Scientiﬁc, Pittsburgh, PA)
at a density of 105 cells/mL. The cells were maintained in a
specialty medium for rat lung epithelial cells (BRFF-RLuE
culture media, BRFF, Ijamsville, MD) containing 10% fetal
bovine serum and 1× penicillin/streptomycin antibiotics
(Sigma, St. Louis, MO). Cell media were replenished every
24-30huntil95%conﬁdencewasachieved.Cellswerethen
incubated with 40 µg particle weight/mL media (following
methods used in asbestos research) (37) or controls for 24 h
at which time the media were removed. Cell viability was
determined by the trypan blue exclusion assay (38). Each
sample was quantiﬁed in triplicate and averaged to obtain
theﬁnalcellviabilitynumber(SupportingInformation,Table
S2).ThesestudieswereconductedattheUniversityofArizona
Steele Memorial Children’s Research Center (Tucson, AZ).
Mercury Analysis. The concentration of Hg was deter-
mined in the calcine samples using an aqua-regia digestion
and cold-vapor atomic ﬂuorescence spectrometry (CVAFS)
following EPA method 1631 (39, 40). Quality control for Hg
analysis was established using method blanks, blank spikes,
matrix spikes, standard reference materials (SRMs), and
sample duplicates. Recoveries for Hg on blank and matrix
spikeswere93-121%.TherelativepercentdifferenceforHg
incalcinesampleduplicateswase18%.ForSRMs,NIST2704
and PACS-2 analyzed in this study, recoveries ranged from
96% to 107% of certiﬁed concentrations for Hg. Method
blanks were below the limits of determination for Hg. The
lower limit of determination for Hg in the calcines was
0.002 µg/g.
Concentrations of Hg were determined in the simulated
body ﬂuid leachates of calcines using cold-vapor atomic
ﬂuorescence spectrometry (CVAFS) following EPA method
1631e (41). Recoveries for Hg on blank and matrix spikes
were 95-121%. The relative percent difference of Hg in
sampleduplicatesvariedfrom4%to19%inthegastricﬂuid,
4% to 12% in the lung ﬂuid, 1% to 21% in the serum-based
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Hginblanksofthesimulatedgastricﬂuid,lungﬂuid,serum-
based ﬂuid, and water leachates were below the lower limit
of determination. The lower limit of determination for Hg
was 0.01 µg/L in the simulated gastric ﬂuid and 0.05 µg/L in
the lung ﬂuid, serum-based ﬂuid, and water leachates.
Mineralogical Studies. Scanning electron microscopy
(SEM), electron microprobe (EMP), and X-ray diffraction
(XRD) analysis were used.
The SEM analysis was performed using a JEOL 5800LV
instrument at the U.S. Geological Survey (Denver, CO),
operating in high-vacuum mode and equipped with an
energy-dispersive X-ray spectroscopy. Data reduction was
performed using the Oxford ISIS standardless analysis
package using automated correction procedures known as
ZAFcorrections.Analyseswerenormalizedto100%.Analysis
usingSEMisqualitative,andthusonlythepresenceofcertain
minerals were identiﬁed in this study (Supporting Informa-
tion, Table S1).
The EMP was carried out on various Hg-mineral grains
in epoxy-impregnated, polished thin sections using an
automated JEOL 8900 electron microprobe with ﬁve scan-
nable wavelength-dispersive crystal spectrometers. Calibra-
tion was performed using well-characterized Hg-mineral
standards. Analytical precision based on replicate analysis
of standards was better than (2% relative concentrations
formajorandminorelementsandequaltocountingstatistics
for trace (<1 wt %) elements.
The dominant mineralogy was determined by XRD on
powdered,hand-groundsamplesofmine-wastecalcineusing
a Philips APD 3720 automated X-ray diffractometer. The
collected data were evaluated and minerals identiﬁed using
JADE+ software (Materials Data Inc.). Semiquantitative
FIGURE 1. Concentrations of Hg determined in water, gastric ﬂuid, serum-based ﬂuid, and lung ﬂuid leachates of calcine samples
collected in the Almade ´n and Terlingua Hg mining districts. The EPA screening level for inorganic Hg in residential soil (23 µg/g) is
shown for reference.
FIGURE 2. Comparison of concentrations of Hg determined in calcine samples and 1-h gastric ﬂuid leachates of calcine samples
from the Almade ´n and Terlingua Hg mining districts. Bioaccessibility (in %) is also shown for reference. Symbol size represents
analytical error. Almade ´n samples are those with the abreviation AMJ (Almadenejos mine) and ALM (Almade ´n mine), and Terlingua
samples are TER (Terlingua mine, also known as Chisos), SB (Study Butte mine), MAR (Mariposa mine), and MSM (Mariscal mine).
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% ranges (>25%, 5-25%, <5%, and <1%).
Results and Discussion
Analysis using XRD and SEM indicated that the calcine
samples are predominantly composed (5-25%) of quartz
(SiO2), calcite (CaCO3), hematite (Fe2O3), gypsum (CaSO4·
2H2O), muscovite (KAl2(AlSi3)O10(OH)2), kaolinite (Al2Si2O5-
(OH)4), jarosite (KFe3(OH)6(SO4)2), and potassium feldspar
(KAlSi3O8) (Supporting Information, Table S1). These data
are consistent with ﬁeld observations of calcines at various
mines in the Almade ´n and Terlingua districts (28, 42).
However,moreimportantarevariousHgcompoundsfound
in the calcines because such compounds largely determine
leaching of Hg and Hg bioaccessibility in water and the
simulated human body ﬂuids used in this study. The XRD,
EMP,andSEManalysesidentiﬁedseveralHgcompoundsin
Almade ´ncalcinesamplesincludingupto1%cinnabar(HgS,
hexagonal),metacinnabar(HgS,isometric),calomel(Hg2Cl2),
and corderoite (Hg3S2Cl2), as well as the presence of some
montroydite (HgO), kleinite (Hg2N(Cl,SO4)·n(H2O)), terlin-
guaite (Hg2ClO), and gianellaite (Hg4(SO4)N2 (Supporting
Information,TableS1).CalcinescollectedfromtheTerlingua
district generally contained fewer identiﬁed Hg minerals in
lowerabundance(comparedtoAlmadénsamples),andonly
cinnabar was found to be present up to 1% in four of eight
samples, whereas the presence of metacinnabar, elemental
Hg0, corderoite, kleinite, and terlinguaite was observed by
SEM in a few samples (Supporting Information, Table S1).
The presence of these Hg compounds in calcines from
Almade ´n and Terlingua is consistent with previous studies
usingedge-extendedX-rayabsorptionﬁnestructureanalyses
that have reported the presence of several Hg oxides,
chlorides, oxychlorides, and sulfates (43, 44). The presence
of such Hg compounds in mine-waste calcine collected in
thisstudyisimportanteveninlowabundancebecausemany
Hg-bearing chlorides, oxychlorides, and sulfates are highly
toxictohumansandaresolubleincircum-neutralandweakly
acidicwater,whereascinnabar,metacinnabar,andelemental
Hg0 are not.
Several IVBA studies have evaluated bioaccessibility of
Hginsoil,whichhasbeenreportedtovaryfrom0.3%to46%
(6, 19, 20, 45). However, there are no known IVBA studies
that have attempted to evaluate Hg bioaccessibility or
leaching in calcine collected from Hg mines such as those
FIGURE 3. Hg in calcine versus Hg in 1-h gastric leachates of calcines from the Almade ´n and Terlingua Hg mining districts.
Regression line (r2 ) 0.64) is for all samples. Symbol size represents analytical error.
TABLE 1. Summary of Hg Concentrations for Calcines and Leachates of Calcines from the Almade ´n and Terlingua Hg Mining
Districts
a
sample no. location
calcine
(µg/g)
water
leach (µg/g)
water leach,
ﬁnal pH
gastric leach,
1h( µg/g)
gastric leach,
ﬁnal pH
serum
(µg/g)
serum,
ﬁnal pH
lung ﬂuid
(µg/g)
lung ﬂuid,
ﬁnal pH
AMJ01 Almadenejos mine 11000 30 8.2 820 1.7 128 7.4 760 7.7
AMJ02 Almadenejos mine 34000 880 9.8 6200 1.7 1620 7.6 9200 7.8
ALM04 Almade ´n mine 440 0.60 8.4 47 1.8 24 7.1 0.28 7.6
ALM03 Almade ´n mine 2300 4.2 4.0 200 1.7 48 6.8 26 7.0
ALM06 Almade ´n mine 160 0.01 7.7 2.5 1.8 0.98 7.2 0.01 7.4
ALM07 Almade ´n mine 1100 0.38 5.2 29 1.8 4.0 7.0 72 7.5
TER1 Terlingua 19000 4.5 6.1 230 1.8 80 7.2 76 7.0
SB4 Study Butte mine 3000 0.011 3.8 46 1.7 6.0 7.1 0.28 7.0
SB1 Study Butte mine 5900 0.84 7.4 260 1.8 52 7.3 1.7 7.5
MAR1 Mariposa mine 170 0.20 7.7 26 2.0 5.8 7.5 0.17 7.6
MAR2 Mariposa mine 190 0.68 7.4 12 2.0 9.6 7.4 0.5 7.6
MSM1 Mariscal mine 160 0.001 7.3 11 2.2 0.002 7.4 0.001 7.4
MSM3 Mariscal mine 44 0.0016 7.1 12 2.2 0.54 7.4 0.0016 7.4
MSM5 Mariscal mine 150 0.017 7.3 16 2.1 2.4 7.3 0.08 7.5
a Data given for pH is that found at the end of the leachate experiments.
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similar to that as previously reported (6):
Oftheleachingﬂuidsusedintheseinvitrostudies(water,
gastric ﬂuid, serum-based ﬂuid, and lung ﬂuid), simulated
gastricﬂuidsgenerallyleachedthemostHgfromthecalcines
(Figure 1). Results indicate that bioaccessibility in gastric
ﬂuid varies from 1.2% to 28% during leaching of 1 h (Figure
2). These gastric results are generally consistent with previ-
ously published Hg bioaccessibility in soil, which has been
reported to range from 0.3 to 46% (6, 19, 20). Whereas the
% of Hg bioaccessibility is signiﬁcant when calcine samples
are leached with simulated gastric ﬂuids, a more important
measurementfromapotentialhumanexposureperspective
istheamountofHgleached(inµgofHgleached/gofcalcine
sample). Concentrations of Hg varied from 2.5 to 6200 µg/g
in the 1-h gastric leachate of the calcine samples (Table 1,
Figure2).ConcentrationsofHgforthemajorityofthecalcine
leachates obtained during the 1-h gastric leaching experi-
mentsexceededboththeresidential(23µg/g)andindustrial
(310µg/g)screeninglevelforinorganicHginsoilestablished
by the USEPA (46), but the industrial screening level is more
applicablehere,asthisstudywasofindustrial(mine)wastes,
not residential soil. All gastric leachate Hg concentrations
exceeded the probable effect Hg concentration of 1.06 µg/g,
above which harmful effects are likely to be observed in
sediment-dwelling organisms (47). In addition, there is a
signiﬁcantcorrelationofHgincalcineswithHgin1-hgastric
ﬂuid leachates (Figure 3, r2 ) 0.64). Highly elevated Hg
concentrations in the in vitro gastric experiments are due to
thepresenceofsolubleHgcompounds,whichwereidentiﬁed
in the calcines by SEM and XRD analysis (Supporting
Information,TableS1,Figure4).SuchsolublebyproductHg
compounds, which are known to have formed during ore
retorting, have been shown by previous studies to be an
importantsourceofleachableHgincalcines(12,15,48).The
leachability of Hg from the calcines (Figures 1-3) by gastric
ﬂuids of pH 1.5 suggests that ingestion of calcines into the
human gastric system, either via hand-to-mouth activity or
by swallowing of inhaled particles cleared from the upper
respiratory tract by mucociliary action, is undesirable and
potentially harmful.
Leachingofthecalcinesampleswithwater,serum-based
ﬂuid, and lung ﬂuids also produced elevated leachate Hg
concentrations,especiallyinsamplesfromAlmade ´n(Figure
1). However, Hg concentrations found in leachates of the
water,serum-basedﬂuid,andlungﬂuidsweregenerallylower
than those found during gastric ﬂuid leaching. The Hg
concentrations for the water, serum-based ﬂuid, and lung
ﬂuids leachates are generally lower than the 310 µg/g
industrialscreeninglevelforinorganicHginsoilestablished
by the USEPA (Figure 1).
A series of timed experiments (1/2, 1, 4, and 24 h) were
carried out to evaluate leaching of Hg from calcines in water
andgastricﬂuidsfora24-hduration(Figure5).Resultsofthese
experiments indicated that 32-61% of the leachable Hg is
obtainedintheﬁrst1/2hofleachingusingwater(comparison
of 1/2-h leachate Hg relative to 24-h leachate Hg) and 17-29%
using gastric ﬂuids. For all four of the timed experiments,
concentrations of Hg in both the water and gastric leachates
are higher in the Almade ´n calcine samples compared to the
Terlingua calcines (Figure 5), a result of a higher abundance of
FIGURE 4. Backscatter SEM image of calomel identiﬁed in
calcine collected in the Almadén district.
FIGURE 5. Time versus Hg in water and 1-h gastric leachates of calcines from the Almade ´n and Terlingua Hg mining districts.
Symbol size represents analytical error.
(µg of Hg in leachate/g of calcine sample ÷
total Hg concentration (in µg/g) in calcine) × 100
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Information, Table S1). It is unlikely that ingested material
remains in the human gastric system for as long as 24 h, and
the1/2-and1-hexperimentsareprobablyarealisticestimation
of Hg that might be obtained during leaching in the human
gastric system. Conversely, the 24-h experiments using water
arelikelyareasonableestimationofpotentialHgleachingduring
longer-term precipitation events, whereas the shorter timed
experiments (1/2 and 1 h) are likely a reasonable estimation of
Hg leaching during storm events that produce high volume
runoff in short durations.
A rat type II alveolar epithelial cell line (RLE-6TN cells)
was used for the in vitro cellular toxicity experiments. The
cell line results indicate that cell counts for nearly all
samplesanalyzedarewithinanalyticalerror((20%)using
thetrypanbluetechnique(SupportingInformation,Table
S2). Only three samples (AMJ02, ALM04, and MAR1)
indicated cell loss outside of 20%, but these are not
signiﬁcant.Thesecellviabilitydataindicatethattherewas
no signiﬁcant cell response resulting from exposure to
high concentrations of Hg in the calcines, suggesting that
the cells did not have an adverse response when exposed
to Hg-bearing calcines.
Datashownhereindicatethatlong-termhumanexposure
to airborne dust containing Hg mine-waste calcine particu-
lates or continual hand-to-mouth exposure to Hg-bearing
calcines should be limited as much as possible to avoid
unnecessary ingestion of Hg. The early stages of human
developmentarethemostsensitivetoHg,andthusleachate
datapresentedhereindicatethatpregnantwomenandyoung
children should avoid exposure to Hg mine wastes. Aban-
donedHgminesarefoundworldwide,andhumanactivities
in the vicinity of these mines are generally unrestricted. Of
particular concern are areas near Hg mines where (1)
residences have been built, (2) local road construction has
made use of Hg mine wastes, (3) towns are located in near
proximity to Hg mines, and (4) where farming activities take
placeonlandcontaminatedbysuchwastes.Thesepractices
and situations may lead to undesired human exposure
through inhalation or ingestion of mine-waste particulates
containing high concentrations of Hg.
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